Type II DNA topoisomerases are essential and ubiquitous enzymes that perform important functions in chromosome condensation and segregation and in regulating intracellular DNA supercoiling. Topoisomerases carry out these DNA transactions by passing one segment of DNA through the other by using a reversible, enzymebridged double strand break. The transient enzyme/DNA adduct is mediated by a phosphodiester bond between the active-site tyrosine and a backbone phosphate of DNA. The opening and closing of the DNA gate, a critical step for strand passage during the catalytic cycle, is coupled to this cleavage/religation. We designed a unique oligonucleotide substrate with a pair of fluorophores straddling the topoisomerase II cleavage site, allowing the use of FRET to monitor the opening of the DNA gate. The DNA substrate undergoes an enzyme-mediated transition between a closed and open state in the presence of ATP, similar to the overall topoisomerase II catalyzed reaction. Single-molecule fluorescence microscopy measurements demonstrate that the transition has comparable rate constants for both the opening and closing reaction during steady-state ATP hydrolysis, with an apparent equilibrium constant near unity. In the presence of AMPPNP, a reduction in FRET occurs, suggesting an opening or partial opening of the DNA gate. However, the single-molecule experiments indicate that the open and closed states do not interconvert at a measurable rate.
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fluorescence microscopy ͉ single-molecule kinetics ͉ FRET ͉ enzyme dynamics T opological entanglements, including supercoiling, knotting, and catenation, can arise during various processes involving DNA and are removed by DNA topoisomerases (1) (2) (3) . These complex tasks of regulating chromosome structure are achieved with the simple but elegant chemistry of transesterification reactions. The active-site tyrosine of topoisomerase carries out a nucleophilic attack to form a covalent adduct with a DNA backbone phosphate, thus generating a transient, reversible break to enable topological transformations in DNA. The reversal of this transesterification reaction reforms the DNA backbone bond and restores the enzyme tyrosyl residue. Type II topoisomerases are dimeric in structure and generate a transient double strand break, hence permitting another DNA segment to pass through this enzyme-bridged DNA gate. During the catalytic cycle, a DNA segment has to traverse the entire symmetry axis of the dimer interface, including the enzyme-mediated DNA break serving as a DNA gate during strand passage (4) . The reactions at the DNA gate thus involve DNA cleavage, opening and closing of the gate, and religation of the DNA. To accommodate this large-scale DNA movement, the enzyme has to undergo a series of concerted conformational changes that are fueled in part by ATP binding and hydrolysis.
Biochemical analysis has demonstrated that ATP can trigger the capture of a DNA segment by the N-terminal clamp and promotes the passage of this DNA segment through the transient DNA break (5, 6) . This reversible DNA cleavage/religation reaction is not only critical as a key step in the topoisomerase catalytic cycle, it is also targeted by a number of clinically important anticancer drugs (7, 8) . Topoisomerase-mediated DNA breaks can be monitored by entrapping the DNA cleavage complex with a potent denaturant, such as alkali or detergent, and detecting the resultant DNA fragments with techniques such as gel electrophoresis. However, the addition of a protein denaturant may perturb the cleavage/religation equilibrium, and such effects remain to be addressed by experiments. Furthermore, there has not been an adequate method to monitor the opening and closing of the DNA gate. The opening of the gate occurs after cleavage of the DNA phosphodiester bonds, and closing occurs before religation of DNA. We present here single-molecule fluorescence microscopy experiments to determine the rate constants for the interconversion between the closed and open state of an oligonucleotide DNA substrate tagged with fluorophores that undergo FRET. This unique experimental system allows us to examine quantitatively the opening/closing of the DNA gate under nondenaturing conditions and to probe the extensive conformational change at the DNA cleavage site associated with this process.
Results
Design of a DNA Substrate with a Pair of Fluorophores. To monitor directly the dynamics of the topoisomerase-mediated opening and closing transition with single-molecule fluorescence microscopy measurements, we designed an oligonucleotide-based DNA substrate with a pair of fluorophores straddling the topoisomerase cleavage site (Fig. 1) . These fluorophores were placed such that they undergo efficient FRET in intact DNA and have a decreased FRET concomitant with DNA gate opening by topoisomerase II (topo II). We synthesized a 28-bp oligonucleotide DNA substrate with a known Drosophila topo II cleavage site at the center that becomes a four-nucleotide staggered double strand break when acted upon by the enzyme (9) . This topo II cleavage site is flanked by two fluorophores, Alexa Fluor 555 and Alexa Fluor 488, conjugated to the thymidine ring at the C5 position ( Fig. 2A) . Donor (Alexa Fluor 488) and acceptor (Alexa Fluor 555) fluorophores were attached to complementary strands and separated by Ϸ1.5 helical turns so that they were on the same side of the DNA helix. FRET between this pair of fluorophores is efficient because the distance for 50% FRET (R o ) is 70 Å, and the calculated distance between the fluoro-phores on the DNA is Ϸ54 Å. To generate a substrate with a different FRET efficiency, we also used an oligonucleotide duplex with Alexa Fluor 546 replacing Alexa Fluor 555 and attached to a thymidine one nucleotide distal to the central cleavage site (Fig. 2 A) . In addition to extending the separation of fluorophores to Ϸ57 Å, R 0 in this case is reduced to 64 Å.
To examine whether the presence of fluorophores alters the specificity of the cleavage site, we mapped the topo II cleavage site using the duplex substrates labeled with 32 P at either 5Ј end. When analyzed by sequencing gel electrophoresis, the cleavage product generated by Drosophila topo II comigrated with a 13-nt marker fragment, indicating that the cleavage is precisely at the predicted site (Fig. 2B, lanes 3 and 7) . Furthermore, the presence of an anticancer drug, teniposide (VM-26), enhances the cleavage efficiency without perturbing the site-specificity, demonstrating that this substrate is subject to the stimulatory effect of a topo II-targeting drug (Fig. 2B, lanes 4 and 8) . These data also demonstrated that the presence of fluorophores did not alter the specificity of the topo II cleavage site on the DNA substrate. (Fig. 3A) . With a DNA substrate conjugated with both Alexa Fluor 488 and Alexa Fluor 555, we observed FRET with the DNA substrate and with the DNA substrate plus topo II in the absence of any cofactors (Fig. 3B) . Addition of Mg 2ϩ (10 mM)/ATP (1 mM) to the enzyme/DNA complex results in a significant decrease in FRET fluorescence, presumably because a fraction of the enzyme/DNA complex is in the open state, resulting in an increase in distance between the fluorophore pair (Fig. 3B) . The following two control experiments suggest that this diminished fluorescence is due to a physical separation of fluorophores after the cleavage at the center of the DNA molecule. The Drosophila topo II cleavage site is coincident with the site for the restriction enzyme HinP1 I, and digestion of the DNA substrate with HinP1 I eliminates the FRET signal (data not shown). Topoisomerase cleavage reactions can be reversed with the addition of high salt and EDTA, and such treatment does indeed restore the FRET signal (data not shown).
To interpret the observed changes in FRET quantitatively, control experiments were carried out with DNA modified with only the fluorescent donor, Alexa Fluor 488. When the enzyme is added to this DNA substrate, the fluorescence at 517 nm (492-nm excitation) is quenched by 33%. This reduction in quantum yield in the donor Alexa Fluor 488 reduces R 0 for the Alexa Fluor 555 and Alexa Fluor 546 as acceptors to 66 and 60 Å, respectively. When Mg 2ϩ /ATP is added, the donor fluorescence further decreases by 3%. The calculated FRET has been corrected for this small change (for example, Fig. 3D ). Similar experiments were carried out for acceptor-labeled DNA, but they do not affect the FRET calculation because of the ratio method used. When Mg 2ϩ /AMPPNP is added to the enzyme/ DNA complex, the FRET efficiency is reduced to 47% for AMPPNP compared with 56% for Mg 2ϩ /ATP at 30°C. We also carried out fluorescence polarization measurements for the donor and Alexa Fluor 555 acceptor to assess the rotational mobility of the fluorophores. In the absence of enzyme, the donor polarization is 0.05, whereas in the presence of the enzyme (ϮATP or AMPPNP), it is 0.33 (492-nm excitation and 517-nm emission). The corresponding numbers for the acceptor are 0.23 and 0.44, respectively (555-nm excitation and 565-nm emission). The polarization data thus indicate that no significant change in the rotational mobility occurs for the fluorophores when ATP or AMPPNP is added to the to enzyme/DNA complex.
An important characteristic of the topoisomerase reaction is its temperature sensitivity in both the supercoil relaxation and the cleavage reaction, with an optimal temperature of Ϸ30°C for the Drosophila enzyme (9, 10). We have monitored the emission spectra of the enzyme/DNA complex at temperatures from 5°C to 35°C (Fig. 3C ). These fluorescence spectra share the following 5, and 9 ). Cleavage reactions were carried out with (lanes 4 and 8) or without (lanes 3 and 7) VM-26, whereas no-enzyme controls were in lanes 2 and 6. three features: a maximum at 518 nm, corresponding to the emission from Alexa Fluor 488 (donor); a second maximum at 568 nm, from Alexa Fluor 555 (acceptor); and a common intersection point (isostilbic point, similar to the isosbestic point in absorption spectra) at 552 nm (Fig. 3C ). In parallel with an increase in temperature, there is a higher donor fluorescence concomitant with a lower acceptor fluorescence. The calculated FRET efficiency from this system demonstrates that FRET decreases as temperature increases from 10°C to 20°C (Fig. 3D) . This result suggests that most of the DNA substrate stays in the closed state at low temperature (high acceptor fluorescence) and the gate-opening reaction reaches a plateau at 25-35°C, consistent with the data from biochemical assays on strand passage and cleavage reactions. These series of spectra suggest that during steady-state ATP hydrolysis, the system undergoes a transition between the closed and open state, and the fluorescence signals are sensitive to this transition. The dynamics of this transition were investigated with single-molecule fluorescence microscopy. and those with Alexa Fluor 488/555 as the FRET pair were observed only with filter sets F2 and F3 (Fig. 4) . These results are consistent with the shorter R 0 and longer R, thus less FRET and increased donor fluorescence, of the Alexa Fluor 488/546 pair versus the Alexa Fluor 488/555 pair. The signal-to-noise ratio in these experiments is Ϸ2, so that donor fluorescence cannot be observed if the FRET is large. The observed fluorescent spots follow the behavior expected for single molecules: they all have approximately the same integrated fluorescence intensity, and Alexa Fluor 555 photobleaches in a single-step process that follows an exponential decay with a half-life of Ϸ22 s (data not shown).
In the presence of 50 nM Drosophila topo II and the cofactors Mg 2ϩ /ATP, fluorescence due to FRET of single DNA molecules fluctuated between two distinct states (Fig. 5B) , whereas no significant time dependence of the fluorescence occurred in the absence of either Mg 2ϩ or Mg 2ϩ /ATP with the Alexa Fluor 488/546 or Alexa Fluor 488/555 DNA substrate (Fig. 5A ). In the absence of ATP, but in the presence of Mg 2ϩ , an occasional conversion from the high-f luorescent state to the lowfluorescent state was observed in some of the single molecules (data not shown). This was typically followed by an immediate return to the high-fluorescent state. The fluorescence fluctuations observed in the presence of Mg 2ϩ /ATP were similar over a range of laser intensities, making it unlikely that it is due to a photochemical effect. The critical dependence of the fluorescence intensity fluctuation on Mg 2ϩ /ATP also suggests that it is not due to enzyme binding/dissociation events, because the absence of Mg 2ϩ /ATP does not significantly affect either the affinity or the specificity of the enzyme binding based on filter-binding assays (12) . The dependence on Mg 2ϩ /ATP is consistent with the notion that the FRET fluctuation corresponds to gate opening/closing, with the DNA gate opening requiring the energy from the binding and hydrolysis of ATP. Similar experiments were carried out with the cofactor AMP-PNP substituted for ATP. But in this case, the fluorescence does not fluctuate between two distinct FRET states as with ATP (Fig. 5C) .
The validity of the DNA substrate for monitoring the gate opening was further demonstrated with both restriction digestion and an active-site mutant of topo II. The restriction enzyme HinP1 I cleaves at the topo II site and severs the two fluorophores. When single molecules of immobilized DNA were reacted with HinP1 I, FRET between the two probes was no longer observed. Only the fluorescence due to direct excitation and emission from Alexa Fluor 555 remains, because this fluorophore is located on the DNA with the biotin-labeled end (data not shown). Additionally, experiments were carried out with a mutant protein in which the active-site tyrosine, essential for DNA cleavage, was mutated to phenylalanine. Because the expression level of the mutant enzyme in yeast was lower than the recombinant wild-type enzyme, and the purification protocol could not completely remove the endogenous yeast topo II, the mutant enzyme sample contained a low level (Ϸ10%) of the yeast enzyme. Initial single-molecule experiments showed that most of the single molecules observed stay in the high-FRET state, consistent with the oligonucleotide substrate remaining closed in the presence of mutant topo II. where k open and k close are the rate constants for the topo II mediated opening and closing reactions at the DNA gate, respectively. Reaction lifetimes of the high-and low-FRET states were tabulated from the trajectories exemplified by Fig. 5B . More than 200 lifetimes were measured for each state. The distribution of the reaction lifetimes, , for a one-step reaction between highand low-fluorescence states is given by the relationship (13)
where N is the number of events with a lifetime , N total is the total number of events, and k is the ensemble average first-order rate constant, either k open or k close as defined by Eq. 1. A plot of the fraction of single molecules with a lifetime , N /N total , versus follows an exponential decay (Fig. 6, A-D) from which the ensemble average rate constants can be deter- mined. Because a single exponential can fit the lifetime decay curves, these data are consistent with a transition between the closed and open states (Eq. 1). For the Alexa Fluor 488/546 DNA, rate constants could be obtained with both filter sets F1 (donor emission, Fig. 6 A and B) and F2 (FRET, Fig. 6 C and  D) . In the case of filter set F1 (donor emission), the open state has a higher fluorescence than the closed state, whereas the converse occurs when observing emission by using filter set F2 (FRET). A similar set of ensemble average rate constants was determined for the Alexa Fluor 488/555 DNA with filter set 2 (FRET). The ensemble average rate constants are summarized in Table 1 . The experimental uncertainty in these rate constants is Ϸ Ϯ20%, primarily because of the limited number of events monitored. The rate constants reported here are in agreement within this error range.
Discussion
Single-molecule experiments are powerful tools for studying enzyme dynamics and mechanisms (14, 15) . For the topo IImediated reversible cleavage of the DNA gate, we have demonstrated the existence of two states, namely an open and closed DNA gate. The dynamic transition between the closed and open states can be monitored by single-molecule fluorescence microscopy. The ensemble rate constants for both DNA opening and closing are Ϸ1-2 s Ϫ1 when measured with different filter sets (Table 1) . Rate constants for the overall strand passage reaction by topo II are also in the range of 1-3 s Ϫ1 (10, 16, 17) . Because the opening/closing reactions have similar rate constants, the apparent equilibrium constant is close to one, suggesting that approximately half of the enzyme/DNA complexes are in the open state.
An important point to note is that the interconversion between open and closed states is observed only during steadystate ATP hydrolysis. Thus, the rate constants reported are steady-state parameters rather than simple rate constants. The apparent equilibrium constant represents a ratio of steady-state populations. Unfortunately, these results do not permit the assignment of the rate constants to unique mechanistic steps. The cleavage/religation equilibrium, a process related to gate opening/closing, has been investigated through the use of a denaturant to trap the reaction intermediates. In this case, the equilibrium clearly favors the religated state [(9), also see Fig.  2B )]. However, these results are not necessarily contradictory to the findings reported here, because the denaturant may perturb the equilibrium and/or may selectively entrap specific intermediates along the kinetic pathway of gate opening/closing.
The DNA substrate used in the single-molecule studies was designed to contain a known topo II cleavage site in the center (9, 18) , and DNA containing such a sequence has been used extensively in experiments to investigate DNA binding and cleavage by topo II (19) (20) (21) . The length of the DNA substrate was chosen to be 28 bp, because earlier footprinting experiments demonstrated that the contact between the enzyme and DNA was limited to a region of Ϸ25 bp (22, 23) . Although the measured rates for the opening/closing transition may depend on the size of DNA, our initial experiments using a 38-bp substrate, with a 5-bp sequence added to each end of the 28-bp substrate, showed that the rate constants obtained with this substrate are in close agreement with those measured by using the shorter substrate (data not shown). This result therefore suggests the opening/closing transition does not critically depend on the DNA size beyond 28 bp. However, the dependence of this transition on DNA length and sequence needs to be investigated further.
To carry out the DNA transport, topo II must go through large-scale conformational changes in concert with DNA movement. Because there are no crystal structures known for topo II/DNA complexes, the exact physical nature of such conformational changes is unknown. There are several high-resolution structures for topo II subdomains, suggesting the possible conformational flexibility of the holoenzyme (24) . Based on the analysis of the subdomain structures and the diameter of duplex DNA, it was proposed that the movement at the topo II cleavage site is in excess of 20 Å during the gate-opening step (25) . FRET efficiency measured by fluorimetry has been used extensively for estimating the spatial separation between fluorophores (26) . FRET efficiency for the topo II/Alexa Fluor 488/555 DNA complex either at 5°C or in the absence of Mg 2ϩ is Ϸ82%, a result consistent with the calculated distance between donor/acceptor being Ϸ51 Å in the closed state. Assuming that opening/closing has an apparent equilibrium constant of one, the FRET efficiency of the open state is estimated to be Ϸ34%, because the ensemble FRET efficiency is nearly 58% at 25°C. This gives rise to an approximate distance of 72 Å between fluorophores in the open state, suggesting an opening of Ϸ21 Å at the DNA gate. Single-molecule measurements also can be used to estimate the distance changes (13) . Based on the location of the fluorescent labels in the oligonucleotide substrate with the Alexa Fluor 488/546 pair, the distance between the FRET pair is assumed to be 57 Å, corresponding to a FRET efficiency of 57%. With this information, the fluorescence intensities can be calibrated, resulting in a FRET efficiency of 15% for the open state (Ϯ2%, average of seven intensities), which corresponds to a distance change of 21-23 Å. Thus, the estimates of the distance change with ensemble and single-molecule methods are in reasonable agreement, and the opening of the DNA gate is large enough to accommodate the passage of another duplex segment. Table 1 . We have attributed the observed FRET changes to gate opening and closing. The controls carried out for the interpretation of the fluorescence changes leave little doubt that a significant change in FRET occurs in the presence of Mg 2ϩ / ATP. Furthermore, the calculated changes in distance between the donor and acceptor are consistent with this interpretation. The only unknown factor is the orientation of the acceptor with respect to the donor. The assumption is made that the donor and acceptor have sufficient rotational mobility to have random orientation with respect to each other. In support of this assumption, the FRET observed for the donor/acceptor-labeled DNA is consistent with the known DNA geometry. In addition, similar results were obtained for two acceptors at different locations on the DNA. Finally, the fluorescence polarization measurements suggest the fluorophores have significant rotational freedom. Thus, it is unlikely that unusual changes in orientation of the probes account for the observed changes in FRET. A change in distance between the probes could also occur because of twisting or bending of the DNA. Although these possibilities cannot be excluded, it seems unlikely that the changes in distance would be as large for these processes as calculated from the data. Such conformational changes would have to be very extensive to account for the large increase in distance between the probes that occurs. But it remains a possibility that the FRET changes are a result of a combination of both gate closing/opening and distortion of DNA.
The reaction of pulling apart the DNA gate at the topo II cleavage site is apparently endergonic. The free energy cost for disrupting the central 4 bp at the cleavage site is estimated to be Ϸ10.6 kcal/mole (27) . This is comparable to the free energy available from hydrolyzing one or two ATP during the catalytic cycle, 7.3 or 14.6 kcal/mole. Although AMPPNP apparently promotes gate opening, a dynamic interconversion between open and closed states is not observed. We cannot ascertain whether the enzyme is locked into a mixture of open and closed states, or whether it is locked into a single conformation of a partially open gate. The conclusion that the DNA gate is in a frozen state is consistent with the finding that AMPPNP can cause the strand passage once, but the enzyme then becomes catalytically inert (28) . Kinetic analysis suggests that hydrolysis of one of the two bound ATP precedes the strand passage event, for which DNA gate opening/closing is an obligatory step (6) .
The importance of the topo II-mediated reversible DNA gate opening is not only that it is a key step in the strand passage reaction, but it also is intimately linked to the DNA cleavage reaction, which is affected by a number of anticancer drugs known as topo II poisons. Up to now, the effects of these topo II drugs were mostly analyzed by entrapping the cleaved DNA with a strong denaturant. Single-molecule techniques with the DNA substrate described here will be useful to elucidate further the dynamics of topo II reactions and the effects of other topo II-targeting anticancer drugs.
Materials and Methods
A more detailed version is provided in the supporting information (SI) Methods.
Enzymes and DNAs. Drosophila topo II with an N-terminal hexahistidine tag was expressed in yeast and purified as described (29) . The annealed oligonucleotides were purified by electrophoresis in a 15% TBE polyacrylamide gel, followed by gel filtration using an NAP-5 column (Amersham, Piscataway, NJ). DNA cleavage reactions were carried out with 30 nM Drosophila topo II and end-labeled substrate at a molar ratio of 3:1 and were processed as described (9) .
FRET. In typical experiments, topo II at a concentration of 3.7 M was incubated with DNA at a molar ratio of 3:1 in TKEM buffer (10 mM Tris⅐HCl, pH 7.9/50 mM NaCl/10 mM MgCl 2 /0.1 mM EDTA) and 1 mM ATP. The ratio A method was used to determine the efficiency of energy transfer between the FRET pair (30) .
Attachment of DNA to the Surface of the Glass Slide. A glass microscope slide was processed and derivatized with biotin/ neutravidin complex, to which DNA substrate with double fluorophores and biotin was attached in TKEM buffer and 1 mM ATP. 
